We have identified two members of a novel class of genes in Drosophila that encode putative transmembrane proteins with six leucine-rich repeats and a single immunoglobulin loop. These two molecules, Kek1 and Kek2, show striking conservation in their extracellular domains and have large and more divergent intracellular regions. Both genes are expressed in neurons as they differentiate in the embryonic central nervous system (CNS). kek1 is also expressed in other patterned epithelia, such as the follicle cells of the developing egg chamber, where it is found in a dorsal-ventral gradient around the oocyte. The homology of the kek genes to other known adhesion and signaling molecules, together with their expression patterns, suggests that both genes are involved in interactions at the cell surface. Genetic analysis reveals that deletion of the kek1 gene causes no obvious developmental defects. The coexpression of kek2 in the CNS leads us to suggest that Kek1 is part of a family of cell surface proteins with redundant function. ᭧
INTRODUCTION
underlying cell recognition in the CNS will require the characterization of additional neuronal surface proteins and of how they function in different contexts. Morphogenesis in the central nervous system (CNS) reIn this study we have taken an enhancer trap approach sults in extremely specific connections between neurons, to look specifically at genes expressed in the CNS. By identiachieved through specific cell recognition during stages of fying genes in a broad sampling of expression patterns, enneuronal segregation and differentiation. One consequence hancer trap technology has contributed to a genetic and of this precise connectivity is the highly ordered pattern of molecular understanding of proteins involved in tissue dif-CNS axon tracts. Drosophila has been used to dissect the ferentiation, particularly in the CNS ; molecular mechanisms that generate this pattern (for re- Wilson et al., 1989) . By including genes that are reused in views see Goodman and Shatz, 1993; Tear et al., 1993;  different developmental contexts, this analysis can identify Keynes and Cook, 1995) . Studies have shown that mesecgenes that might otherwise be overlooked by classical getodermal derivatives are a source of cues in the initiation netic analysis. and organization of axon tracts (Klambt et al., 1991 (Klambt et al., , 1992  We describe two members of a new class of putative trans- , and individual genes in both glia and membrane molecules, first expressed in overlapping patneurons have been shown to contribute to functions of fasterns in the CNS and containing motifs from both the leuciculation of identified axon bundles and tracts (Lin et al., cine-rich repeat (LRR) and immunoglobulin (Ig) superfami-1994; Menne and Klambt, 1994; Klambt et al., 1992) . Howlies. Because these genes each represent the union of two ever, few molecules involved in all neurons mediating the superfamilies within one molecule, we have named them general response to guidance cues in the CNS have been kekkon (kehrkoV n), the Japanese word for marriage. The prefound by genetic analysis alone. How is this response orgadicted proteins Kek1 and Kek2 are strikingly similar in their nized in terms of the function of individual molecules? The extracellular domains, each containing six LRRs and one semaphorin, connectin, and fasIII genes represent functions C2-type Ig domain. The combination of LRR and Ig motifs in guidance and connectivity in the CNS and PNS as defined in a transmembrane protein is shared only by the vertebrate by in vitro assays and misexpression in vivo (Nose et al., trk family of receptor tyrosine kinases (Schneider and 1992, 1994; Matthes et al., 1995; Chiba et al., 1995) . A better understanding of the organization of molecular interactions Schweiger, 1991). Kek1 and Kek2 each have large and more were done using the BLAST Network Service (Altschul et al., 1990) .
divergent intracellular domains with no other similarities [Note: the complete sequence of the NB1 (kek1) and NB7 (kek2) to known proteins. We characterize the expression of kek1 cDNAs have been deposited with GenBank Data Library under in detail, showing that it is regulated in developing epithelia Accession Nos. U42767 and U42768, respectively.] in addition to the CNS, including the imaginal discs and the follicular epithelium of the developing ovaries. We demonstrate that the absence of the kek1 gene product causes 
Stocks and Genetic Protocols

MATERIALS AND METHODS
males were isolated to establish stocks. Of 500 revertant independent lines, 464 were either partially or fully viable and 36 were Isolation of Genomic DNA and cDNAs associated with lethality, which was determined by the absence of Cy / progeny. Among them are RA5, RJ22, RK9, and RM2, which Nucleic acid blotting and hybridizations were performed as deare described in Table 1 . scribed in Sambrook et al. (1989) . Genomic DNA was prepared
To revert the ry / marker by X rays, 0-to 5-day-old 15A6/15A6; from homozygous 15A6 flies for plasmid rescue as described in ry 506 /ry 506 males were irradiated with 3000 rad (Torrex, 120 D Wilson et al. (1989 (Blackman et al., 1987) , screened for the loss of the ry / eye-color marker. Twenty-five spanning Ç38 kb. Two of them, phages 2-W and 6-2, are depicted independent revertant lines were established successfully; in Fig. 3 . The 15C3 fragment was used to screen a 12-to 24-hr among them are the zygotic lethal lines 3K2X and 3K2S, which embryonic cDNA library under standard conditions for high strinare described in Table 1 . gency, and an 8-to 12-hr embryonic cDNA library (both libraries
In the complementation tests between two zygotic lethal mutafrom Brown and Kafatos, 1988) at lowered stringency, with only tions, over 400 progeny were scored under uncrowded culture conthe final washes modified from standard conditions (55ЊC in 0.21 ditions for the presence of straight-winged (Cy / ) flies. SSC, 0.5% SDS). Of six cDNAs isolated at high stringency, four are identical (3.5 kb) and are represented by NB1; two are shorter at the 3 end as determined by restriction analysis. All hybridized
In Situ Hybridization and Immunohistochemistry
to phage 6-2 and correspond to kek1. A 4.2-kb clone, NB7, isolated at lowered stringency, did not hybridize back to phage 6-2 under
In situ hybridization to polytene chromosomes was carried out standard conditions. NB7 was subsequently used to isolate nine as described in Perrimon et al. (1991) using P[lArB] as a probe. In additional cDNAs at high stringency, corresponding to kek2, of situ hybridization to RNA in embryos was performed as described which six are identical to NB7; the three shorter forms are missing by Tautz and Pfeifle (1989) . 5 sequences as determined by restriction analysis. Their hybridizaOvernight embryo collections were dechorionated, fixed for 5 tion to 15C3 is presumably due to three regions of contiguous min with 4% paraformaldehyde in PBS / 0.1% Triton X-100, and homology spanning 5, 8, and 21 bases, separated by single base devitellinized using standard methods. Mouse monoclonal antibodmismatches at the 3 end of the 15C3 probe, as revealed by DNA ies BP102 (a gift from A. Bieber and C. S. Goodman) and 22C10 sequencing. Northern analysis was done as described in Perkins et (Goodman et al., 1984) and antibodies to b-galactosidase (bgal) (Proal. (1992) . mega) were detected with a horse anti-mouse antibody (Vector) and stained using the Vector Elite ABC kit. Third-instar larvae from both excision-and X-ray-derived lines and ovaries from the 15A6
DNA Sequencing
line were stained for bgal activity by dissection in Ringer's solution, fixed for 5 min with 4% paraformaldehyde in PBS, rinsed, and then DNA sequencing was carried out using Sequenase (U.S. Biochemincubated in X-gal solution at 37ЊC for 4-12 hr. ical Corp.) and a dideoxy chain termination protocol (Del Sal et al., 1989) with the following modifications: double-stranded plasmid DNA template was denatured at 70ЊC for 15 min, and template and primer were annealed at 37Њ for 15 min. All sequencing was
RESULTS
done with primer walking on both strands of DNA. Phage 2-W and 6-2 were subcloned in Sal I fragments into pBluescript SK(/)
Isolation of the 15A6 Enhancer Trap Line
(Stratagene) for sequencing. The insertion site of the transposon was determined from the sequence of the ClaI plasmid rescued To identify genes that play a role during axonal outgrowth from 15A6 genomic DNA and lies 684 bases 5 to a consensus in the CNS, we screened a collection of insertion lines gen-TATA box and 718 bases 5 to a consensus cap site (Arkhipova, erated with the P[lArB] enhancer trap transposon (Perrimon 1995 ereux et al., 1984) and amino acid sequence alignments were determined using the Lasergene program (DNAStar). Homology searches plete formation of the axon scaffold (stages 9-12 of embry- 
Note. The RA5, 3K2X, RJ22, 3K2S, and RM2 chromosomes were recovered as ry 0 , lethal revertants of 15A6 (see Materials and Methods). Lines were characterized for retention of lacZ expression and interse complementation pattern. The complementation pattern with Df(2L)Prl, which deletes region 32F1-3 to 33F1-2 (Lindsley and Zimm, 1992) , and the viable visible mutation nubbin, which maps to the region are indicated. In two combinations partial complementation was detected. The survival rate of RJ22/3K2S transheterozygous animals is 0.5 and 0.1% for the RJ22/RA5. Among the revertant lines, nine alleles of the RM2 complementation group were isolated. na, not applicable; nd, not determined. onic development; see Campos-Ortega and Hartenstein, posterior border up until several cells behind the morphogenetic furrow (Fig. 2C ). LacZ is also expressed in a large 1985). Among these, the 15A6 line was selected because it expresses lacZ initially in a segmentally repeated set of cells patch that includes the presumptive ocelli and ocellar bristles (Fig. 2C ). at the CNS midline at early stages. At later stages, lacZ eventually becomes expressed in a large set of CNS cells
The 15A6 line shows dynamic lacZ expression during the patterning of the follicle cell epithelium in the ovary. Durand some peripheral nervous system (PNS) cells.
During embryogenesis, lacZ is first strongly detected at ing oogenesis, lacZ is weakly expressed in the nurse cells and more strongly in the columnar follicle cells surrounding the beginning of germ band retraction (stage 10) in a few cells in each segment at the dorsal midline of the CNS the developing oocyte ( Figs. 2A and 2B ). By stage 7 of oogenesis, lacZ expression is apparent in follicle cells at the poste- (Figs. 1A and 1C ). These cells do not double-stain with the monoclonal antibody 22C10 (mAb 22C10), which at this rior pole surrounding the oocyte. However, by stage 9, this posterior expression disappears and lacZ is found heavily stage recognizes the neurons aCC and pCC (data not shown, Goodman and Doe, 1993) . However, by early stage 12, the expressed in follicle cells located above the anteriorly placed oocyte nucleus. Interestingly, this pattern of lacZ expresdorsal midline staining evolves to a ventral position, and some midline-staining cells begin to double-stain with mAb sion reflects the onset of dorsoventral polarity in the egg chamber (see review by Lehmann, 1995) , and at stage 9 lacZ 22C10 (data not shown). This, together with their apparent migration from dorsal to ventral, suggests that they include is distributed in a gradient ( Fig. 2A) . The follicle cells at this position later differentiate into the dorsal filaments, the ventral unpaired medial cells (VUMs), which are among the first CNS neurons to differentiate (Goodman and Doe, and lacZ is expressed during their formation in the 15A6 line. Other follicle cells that express lacZ include the border 1993). LacZ expression evolves by stage 12 to include many neurons of the CNS (Fig. 1E) , and is maintained throughout cells (data not shown), which migrate extensively throughout oogenesis. larval development. None of the midline or longitudinal glial cells express lacZ, as determined by their size and These results show that the 15A6 insertion is specifically regulated in the embryonic nervous system and in several position (Figs. 1K and 1L) .
In the PNS, a small subset of the ventral and lateral cell developing epithelia. To explore the possibility that 15A6 is inserted near a gene that is expressed during patterning clusters express lacZ by stage 14. In abdominal segments, lacZ is also expressed in the cap cells, which are nonneuand differentiation of these tissues, we cloned the genomic region surrounding this P[lArB] insertion. ronal support cells that contact the chordotonal neurons and are identifiable by their distinct morphology and position (Fig. 1G ). In the head region, both neuronal and nonneu-
Cloning of the Enhancer Trap Insertion and ronal cells of the antennomaxillary complex begin express-
Isolation of the NB1 cDNA
ing lacZ by stage 14 (Fig. 1I) .
In addition to these expression patterns, the 15A6 lacZ To begin a molecular and genetic characterization of the region, we mapped the 15A6 P[lArB] insertion to a single insertion is expressed during larval development in all imaginal discs while those tissues undergo patterning (Fig. 2) . In site at 33F1-2 on the second chromosome by in situ hybridization to salivary gland polytene chromosomes. Genomic the eye -antennal disc, the 15A6 enhancer trap is expressed throughout the differentiating retinal epithelium, from the DNA from the 15A6 line was cloned by plasmid rescue ( Wilson et al., 1989) . A 1.2-kb ClaI genomic insert (called transcript of 5.5 kb on a Northern blot of poly(A) / RNA from 9-to 13-hr embryos (data not shown), a time point 15C3) was isolated and subsequently used to isolate 38 kb of contiguous genomic DNA from a phage library ( Fig. 3A; when abundant lacZ expression is detected in the CNS of 15A6 embryos. Whole-mount in situ RNA hybridization see Materials and Methods).
The genomic fragment 15C3 (Fig. 3A) identifies a major experiments revealed that the same genomic fragment de- tects a transcript expressed in the CNS of stage 12 -14 emearly at the midline and later expand to most neurons. In the PNS, transcripts are specifically expressed in the cap bryos. The 15C3 fragment was used to isolate six corresponding cDNAs from a 12-to 24-hr plasmid library (see cells, and weakly in ventral and lateral clusters (only cap cells shown, Fig. 1H ). Further, NB1 is expressed in the anteMaterials and Methods). The restriction map of the longest cDNAs, represented by NB1, is identical to that of the genonnomaxillary complex (Fig. 1J ) and the ovaries, in a manner similar to the expression of lacZ in the 15A6 line (data not mic DNA (Fig. 3A) . NB1 hybridizes to Southern blots of the genomic DNA and also identifies a single transcript of 5.5 shown). Thus, the expression of NB1 corresponds to that of the 15A6 line, with no additional expression seen. kb on a Northern blot of 9-to 12-hr RNA (data not shown).
To determine whether the transcript encoded by NB1 is
Isolation of NB7, a Similar Transcript Expressed in
expressed similarly to the enhancer trap, the expression patthe CNS tern of NB1 was determined by in situ hybridization to RNA on whole-mount wild-type embryos (Figs. 1B, 1D , 1F, 1H, A single cDNA was also recovered at lowered stringency that identifies a different locus. This cDNA, which does and 1J) and ovaries. In the CNS, NB1 transcripts are detected (1983) . The extracellular portion contains motifs for N-linked glycosylation at locus, was used to isolate nine additional cDNAs, the longest of which, NB7, is 4.2 kb in size. Because partial sethree sites and a single glycosaminoglycan attachment site; together these data suggest that NB1 encodes a processed quence analysis of NB7 revealed sequence similarity with NB1, we pursued the characterization of this class of cDNA.
transmembrane glycoprotein of predicted Mr 92.3 1 10 3 , unprocessed. NB7 identifies a 5.9-kb transcript on Northern blots of 9-to 13-hr poly(A) / RNA and corresponds to a single copy The sequence of the NB7 cDNA indicates that, like NB1, it encodes a processed transmembrane glycoprotein. NB7 sequence on Southern blots of genomic DNA (data not shown). The gene encoding NB7 resides in the genome outcontains a long ORF of 892 a.a., beginning immediately at the 5 end of the cDNA. No initiator methionine is present, side of the extent of genomic DNA cloned at the 15A6 locus.
suggesting that the cDNA is truncated at its 5 end. However, hydropathy analysis indicates a 17-a.a. hydrophobic To determine whether the transcript encoded by NB7 is expressed in a pattern similar to that of NB1 during embrystretch ending in a predicted cleavage site, consistent with a partial signal sequence, as well as a transmembrane stretch onic development, RNA in situ hybridization to embryos was done using a unique fragment of NB7. Like NB1, NB7 separating a mature extracellular domain of 362 a.a. and an intracellular domain of 492 a.a. Thus, we believe that NB7 is first expressed in a small, segmentally repeated group of cells at the dorsal midline of the CNS at stage 11 (not contains the full sequence of the processed protein it encodes. As with the predicted protein from NB1, there are shown); it is then expressed in a ventral group of midline cells as it expands to many cells in the CNS. of these cDNAs reveals that they both have two distinct regions of homology in their extracellular domains: to the 4C) although NB7 appears to be expressed in a much larger subset of neurons than NB1. In the PNS, a small group of LRR and to the Ig superfamilies. The two predicted proteins are strikingly similar in their extracellular domain, having lateral cell clusters and a group of ventral cell clusters also express NB7 (data not shown).
the same length and number of these motifs. The structure of their extracellular domains differs only by a 69-a.a. ser-NB7 transcript expression differs from the NB1 pattern in its tissue specificity. Notably, at early stages (11 to early ine/proline-rich stretch at the amino terminus, present in the NB1 ORF and not in the NB7 ORF, which contains a 12) it is transiently expressed in a lateral patch in the head (data not shown), and at stage 14 it is expressed in segmenpotential glycosaminoglycan attachment site. Their overall structure, as transmembrane proteins containing both motally repeated ventrolateral patches outside the CNS (Figs. 4A and 4B), which correspond to the position of extending tifs, is shared only by the Trk family of neurotrophin receptors. We have named the putative proteins Kek1 and Kek2, ventrolateral muscles. We did not examine the expression of NB7 at other developmental stages.
after the Japanese word for marriage, to reflect the unique joining of these motifs in these proteins.
Both NB1 and NB7 cDNAs Encode Transmembrane Proteins of the Ig Superfamily Structure of the LRR Domains of Kek1 and Kek2 with LRR Motifs
Toward the amino end, both Kek1 and Kek2 contain six contiguous LRRs. These are flanked by the cysteine-rich We sequenced the NB1 and NB7 cDNA inserts in their entirety. We also sequenced genomic DNA from the 15A6/ amino-and carboxy-flanking consensus regions often associated with the repeats (Fig. 5A, B) . The repeats are charac-NB1 locus. An interesting feature of the gene organization at this locus is the absence of introns; the genomic DNA terized by the specific spacing of leucine and asparagine residues (Rothberg et al., 1990; Kobe and Deisenhofer, 1994 ; sequence is entirely collinear with the sequence of NB1.
A conceptual translation of the NB1 nucleic acid se- Nose et al., 1992) . The cysteine-rich amino-and the carboxyl-flanking regions are both characterized by the four quence reveals a long open reading frame (ORF) of 880 amino acids (a.a.). The initiator methionine is preceded by conserved cysteines found in these motifs. Between them, the Keks share repeat-specific homologies a three out of four match to the consensus for Drosophila translation start sites (C/A AA A/C ATG, Cavener, 1987) beyond the basic LRR framework. The longest stretch of sequence identity between the two molecules occurs in the and by multiple stop codons in all three frames in the previous 172 nucleotides. The ORF starts with a potential signal largely basic amino-flanking cysteine-rich region and is followed by significant homologies spanning the amino-end sequence, as deduced by a Kyte -Doolittle hydropathy analysis (Kyte and Doolittle, 1982) , which also predicts a single boundaries of the first and second repeats and also in the last repeat. These are regions known to adopt a beta-strand transmembrane segment separating the presumed extracellular (428 a.a. mature) and intracellular (413 a.a.) regions. A structure in the homologous portions of ribonuclease inhibitor, a protein entirely composed of LRRs whose three-disignal peptide cleavage site is predicted between residues mensional crystal structure has been resolved (Kobe and have the same general distribution of charged and hydrophobic residues. Deisenhofer, 1995). Interestingly, cysteine residues are found at position 10 of the fifth repeat, which is unusual in Drosophila. The spacing of leucines in the first two repeats
Mutations in kek1 Are Not Associated with Any diverges from the consensus yet is conserved between Kek1
Overt Phenotypes and Kek2.
To examine the functions of kek1 during development, we isolated mutations that affect the kek1 transcription
Structure of the Ig Domain of Kek1 and Kek2
unit. The ry / marker within the P[lArB] transposon pro-A single C2-type Ig loop begins immediately following vided a convenient tool to generate mutations in the gene the LRR region. It has the characteristic spacing of the since it can be excised following hybrid dysgenesis or retwo cysteines that define the loop, in addition to proline, arranged with X-ray mutagenesis. Two independently detryptophan, aspartic acid, and glycine residues located in rived chromosomes recovered in these screens, RA5 and conserved positions (Williams and Barclay, 1988; Figs. RM2 (Table 1) , were crossed to generate a transheterozygote 5A and 6). The overall length of their single loop is essenthat completely deletes the kek1 gene, as determined by tially maintained, in contrast to their relationship with Southern analysis of genomic DNA (Fig. 8) . kek1 mutant the most similar Ig sequence segments identified by animals (of genotype RA5/RM2) are viable, lay fertile eggs BLAST homology searches (shown aligned with Kek1 and with normal morphology, and do not exhibit any obvious Kek2 in Fig. 6 ), which vary in length particularly within visible phenotype. the D beta-strand. The three potential N-linked glycosylTo determine whether kek1 plays a general role in many ation sites are conserved in position, even as they differ neurons during axon outgrowth, the overall pattern of CNS in sequence. Although no single one of the similar Ig axon tracts in kek1 mutant embryos between stages 9 and domains is significantly more related to Kek1 and Kek2, 16 were examined with the BP102 antibody, which stains either individually or as a class, it is interesting to note all CNS axons (see . Axon tracts in the that these sequences from various species all occur in kek1 CNS appear wild type at all stages examined, and CNS membrane-associated proteins expressed in the CNS.
neurons that normally express kek1, such as the ventral Four of the proteins, Fas II, NCAM, TAG-1, and neuromidline clusters, and PNS structures, such as the chordotoglian, are members of the Ig/FNIII adhesion family (Harnal cap cells and the antenno-maxillary complex, are presrelson ; Keynes ent and in their normal positions, as shown by 22C10 and and Cook, 1995) and the other two, TrkC and the FGF lacZ antibody staining (data not shown). These results indireceptor, are receptor tyrosine kinases (Lamballe et al., cate that kek1 is not essential for viability and that removal 1991; Williams and Barclay, 1988) .
of kek1 alone does not grossly affect the morphological development of the cells that express it.
Structure of the Intracellular Domains of Kek1 and Kek2
DISCUSSION
The putative intracellular domains of both proteins are large (413 and 492 a.a. for Kek1 and Kek2, respectively) and kek Genes Are Expressed in Restricted Patterns more divergent than their extracellular domains, containing during CNS and Disc Development several short regions of similarity with a 19% overall amino acid sequence identity (Fig. 7) . Both proteins have a hydrokek1 was identified adjacent to an enhancer trap inserted at 33F which is expressed in a specific pattern in the CNS, philic stretch just past the transmembrane domain, and glutamine-rich stretches similar to opa repeats found in the imaginal discs, and ovarian follicle cells. Since the enhancer trap expression closely parallels kek1 expression in the emintracellular domain of many Drosophila proteins. Otherwise, the Kek products have no significant homologies to bryonic CNS and in follicle cells, and because of the proximity of the insertion to the kek1 transcription unit (within known proteins in this domain.
It is possible to identify two short, novel motifs conserved 0.7 kb of the putative transcription start, see Materials and Methods), we believe that the enhancer trap is a reliable between Kek1 and Kek2: NPDL I/V ND in the first third of the intracellular domain, and SPDEGY near the C terminus, indicator of kek1 transcript expression throughout development. kek2 was found by hybridization homology to kek1 which contains a potential tyrosine phosphorylation site (Fig. 7) . Other potential phosphorylation sites occur and corresponds to a separate gene. The similar, restricted expression patterns of the two throughout both sequences, and three of these sites are possibly conserved. The difference in length of the intracellular genes suggest that they are involved in the same events in the CNS during embryonic development. Neurons must domains is due mainly to the longer opa repeat stretch in Kek2 as well as to a region consisting largely of alternating distinguish from among many cell interactions to direct axon growth and to find targets as they differentiate; the histidine and proline residues, present in Kek2 but not in Kek1. The remainder of the proteins, with few exceptions, expression of kek1 and kek2 in many CNS neurons may Sequence comparison between Ig sequences indicates that they tend to share a glycine seven residues before the first cysteine and an aspartic acid within seven residues before the second cysteine. Ig domains share some homologies among them that are not present in the Keks, such as tyrosine two residues 5 to the second cysteine. Amino acid identities in common with both Kek proteins are shown in black background; identities with either Kek1 or Kek2 are shown in dark gray and light gray backgrounds, respectively. No attempt has been made to show identities among the other Ig domains. The position of conserved cysteine residues is marked with a black dot above the alignments, and potential N-linked glycosylation sites are within dashed boxes. Predicted beta-strand structures are overlined with dashes and labeled after Williams and Barclay (1988) .
reflect a general role in mediating these responses, rather
kek Genes Encode a Novel Class of Multimodular Proteins than in providing directional information. kek1 is also specifically expressed in various epithelia The encoded gene products of kek1 and kek2 are highly throughout development, during ongoing pattern formarelated members of both the LRR and Ig superfamilies. The tion and before morphogenesis of adult tissue, processes predicted amino acid sequences of both genes indicate that dependent upon cell communication. In the developing the putative Kek proteins are acting at the cell surface. Each egg chamber the pattern of kek1 reflects the onset of has a signal sequence and a single membrane-spanning segdorsal -ventral polarity, beginning in the posterior folliment followed by a hydrophilic portion, features typical of cle cells at early stages, and later distributed in a dorsaltransmembrane proteins. In addition, the conserved LRR, to-ventral gradient in cells covering the anterior of the Ig, and glycosylation motifs in their putative extracellular oocyte. This expression parallels the activity of the Droportions are similar to those found in Drosophila and in sophila EGF receptor (DER) tyrosine kinase pathway vertebrates, indicating that they encode processed transwhich, through activation by the Gurken ligand, directs membrane glycoproteins. We will discuss their conserved follicle cell fates (see review by Lehmann, 1995) . The motifs in relation to those of other known genes. 15A6 enhancer trap gradient of expression is regulated by
The LRR and the Ig superfamilies of proteins each comthe DER pathway, indicating that the kek1 transcription prise membrane glycoproteins that participate in adhesion unit responds proportionally to the amount of DER activand signaling in both vertebrates and invertebrates (see reity (J. Duffy, M. Musacchio, and N. Perrimon, in preparaviews by Williams and Barclay, 1988; Kobe and Deisenhofer, tion) . Thus, kek1 may have a role either in the differentia-1994). The LRR domain appears to be an adaptable motif tion and migration of dorsal follicle cells or in their ability to signal position to the developing embryo.
found in a variety of extracellular matrix, transmembrane, and intracellular proteins in species ranging from yeast to surrounds other protein moieties (Kobe and Deisenhofer, 1995) , whereas the Ig domain is globular and has been man. Drosophila LRR-containing genes often have a critical role in directing cell interactions; these include Toll (Keith shown to interact with carbohydrate side chains. It may not be surprising, therefore, that many members of these and Gay, 1990), slit, (Rothberg et al., 1988) , connectin (Nose et al., 1992) , chaoptin (Reinke et al., 1988; Krantz and Zipur- superfamilies in Drosophila can act as adhesion molecules in both heterophilic and homophilic assays in vitro. Resky, 1990) , and 18 wheeler (Eldon et al., 1994) . Proteins that contain Ig motifs and that are expressed in the CNS include cently, however, more complex activities, such as chemoattraction (FasIII; Chiba et al., 1995) and repulsion (connectin; Neuroglian (Bieber et al., 1989), Fasciclins II and III (Snow et al., 1989) , Dtrk (Pulido et al., 1992) , and Amalgam (Seeger Nose et al., 1994) , have been exposed in elegant misexpression experiments in vivo. It is increasingly apparent that et al., 1988) . Several of the Ig molecules have vertebrate homologues represented by the neural cell adhesion moleneither LRR nor Ig motifs confer a specific function themselves and that the function of molecules containing them cules NCAM, L1, and TAG-1 (see review by Keynes and Cook, 1995) . Further, members of each superfamily have is dependent on their cellular context (see review by Keynes and Cook, 1995) . been shown to operate as receptors in cell signaling events; i.e., the Toll protein (Hashimoto et al., 1991) . The activity of Both LRR and Ig motifs can be adapted to specific functions by their variation and repetition, and by combination the Trk family of kinases is controlled by their neurotrophin ligands in stimulating axon growth (Soppet et al., 1991) .
with other structural motifs. The Ig domain has been combined with the fibronectin type III repeat in the Ig/FN III Numerous other receptor tyrosine kinases, such as FGFR and PDGFR, contain extracellular Ig domains (Williams and class of molecules. Slit, which is necessary for glial differentiation and axon guidance in Drosophila, possesses both Barclay, 1988), as do transmembrane phosphatases expressed in the CNS (Zinn, 1993) . Thus these structural mo-LRR and EGF repeats (Rothberg et al., 1990) . Both LRR and Ig motifs are present in the extracellular domains of the Trk tifs have been conserved in evolution and adapted to diverse cell-cell interaction processes. The similarity in structure receptor tyrosine kinases (Schneider and Schweiger, 1991) , as well as in peroxidasin, a secreted peroxidase found in of the kek genes to these proteins suggests that they are likely to encode related functions.
hemocytes (Nelson et al., 1994) . The association of LRR and Ig domains with other adhesion motifs within a moleIndividually, LRR and Ig motifs have been implicated in direct protein interactions, although presumably by differcule may indicate multiple sites of interaction with one or more ligands. As such, LRR and Ig domains provide a ent mechanisms. The LRR motif can form a pocket that and secondary structure, with conserved positions of glycosylation. The extensive homologies in motifs known to mediate protein interactions raise the intriguing possibility that Kek1 and Kek2 may interact with the same or similar ligands. Drosophila Peroxidasin has five LRRs with flanking motifs immediately adjacent to its cluster of four C2-type Ig loops. These motifs are thought to be used to localize or regulate the activity of its peroxidase domain (Nelson et al., 1994) . The relative arrangement of LRRs immediately followed by Ig domains is the same in the trk, peroxidasin, and kek genes. On the nucleotide level, it is interesting to note that peroxidasin, like kek1, has no intron separating these evolutionarily independent motifs (R. Nelson, personal communication) . Given that the kek and peroxidasin genes share organization of the LRR and Ig motifs and that kek1 and peroxidasin lack introns at the motif boundary, they may share a common evolutionary origin.
The Kek products diverge extensively in their cytoplasmic domain. Interestingly, some motifs are recognizable in the intracellular domain that are common to the Kek class which may involve phosphorylation. The large size of the domain leaves open the possibility that they perform a novel function or that they can associate with other proteins to signal or associate with cytoskeletal proteins. in which it is expressed. This situation has been found for several genes related to cell recognition and expressed in Drosophila neurons. nrg, fasIII, and connectin null mutants show no major abnormalities in the CNS or in their periphstructural basis for detailing molecular mechanisms of functional specificity of these proteins in different contexts.
Genetic Analysis of kek1 Reveals No Overt
eral projections Elkins et al., 1990a; Nose et al., 1994) . Neuromusculin, expressed in the PNS The LRR consensus is defined by the rigid spacing of leucines and other aliphatic residues required for mainand a subset of target muscles, does not affect these cells when mutated (Kania et al., 1993) , and there have been taining the alternating beta-strand/a-helix structural units of the motif, arranged such that all the beta-strands line a no lethal mutations found for amalgam, despite saturation screens (Seeger et al., 1988) . hydrophobic pocket into which the ligand fits Deisenhofer, 1994, 1995) . Thus individual protein interacThere are two possible interpretations for this result. One is that kek1 acts alone in a simple manner in subtle aspects tions are thought to be determined by the side chains of the variable residues intervening with the consensus in this of outgrowth or guidance specificity in most neurons, or in general cohesion or cell physiology that our analysis has structure. It is interesting to note that, between Kek1 and Kek2, the major stretches of residue identity within the failed to reveal. A second interpretation is that kek1 participates with other genes in a complex, partially redundant LRRs occur in the homologous beta-strand region of the repeat. In addition, the LRRs of Kek1 and Kek2 have confunction, such that its phenotype may be observed in only a few neurons. Similar alternatives have been suggested with served the number of LRRs, as well as the variation from consensus in leucine spacing in the amino region of their respect to the examples noted above (also, see reviews by Goodman and Shatz, 1993; Keynes and Cook, 1995) . De-LRR domains; this, together with their beta-strand homologies, makes them more similar to each other than they are tailed developmental analysis of identified axon pathways will be necessary to distinguish these possibilities. to any of the known Drosophila family members, particularly in regions potentially involved in protein interaction.
If the function of kek1 is redundant, kek2 is a likely candidate gene to overlap in function with kek1 at least in the Likewise, the C2-type Ig domains of Kek1 and Kek2 are notably similar in being single domains of the same length CNS. Identification of kek2 mutants should help in the
